Abstract:-Resin transfer moulding (RTM) and structural reaction injection moulding (SRIM), are liquid composite moulding processes, whereby a resin is transferred into a mould cavity containing a pre-positioned reinforcement preform. The cost and the weight of the product may be reduced by placing a foam inside the preform. During the process, the fluid pressure can result in shifting of the core, which causes manufacturing defects such as skin thickness variation, affecting the mechanical properties of the skin. The factors causing this shifting are identified in this study. The influence of fluid pressure and mould temperature on skin thickness ratio is examined experimentally and compared with the output from a simple model.
Introduction
RTM and SRIM are becoming well established processes in several sectors of manufacture including aerospace, automotive and construction applications. Both processes involve transferring a resin or resins into a closed mould cavity, which contains a fibre preform. A foam core usually consisting of a thick, relatively soft, and weaker material can be incorporated inside the preform to reduce the weight, producing a highly efficient structural sandwich element. Such structures rely upon a sandwich skin consisting of a thin layer of high modulus material which is relatively dense compared to the core. The combination of the skin and core provides a light-weight composite, much stronger and stiffer than a conventional laminate. This inner core maintains the distance between the outer skins, ensuring that the moment of inertia of a cross section of the component, and subsequently its bending rigidity, are high [1] . Practical examples of such structures include aircraft propeller blades [2] , vehicle cross-members [3] and manhole covers, all of which have been fabricated in the past using RTM. To produce an efficient sandwich structure the skin thickness ratio (T/f 2 ) should be unity and as a rule of thumb, the weight of the core should be roughly equal to the combined weight of the skins [4] .
Problem Definition
While variations in skin thickness ratio can be critically damaging to mechanical reliability in structural parts the problem can be equally detrimental in non-structural and semi-structural parts. Stiffness changes, damage susceptibility and cosmetic problems such as dry patches can all result from core shift. To identify the scale of the problem for a typical part a prototype automotive spoiler has been analyzed. This was manufactured by RTM using continuous filament random mat reinforcement (CFRM) and unsaturated polyester resin around a polyurethane foam core.
The part was first sectioned at mid-span ( Figure 1 ) and burn-off samples prepared around the circumference. The fibre content of the spoiler skin was measured by burning off the resin in an ashing furnace for two hours at 600°C The variation in fibre volume fraction was measured around the section and the results plotted as Figure 2 , showing a significant variation from the thicker (injection) to the thinner (vent) side.
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Compaction Testing
Since the core movement is likely to be influenced by the relative magnitudes of the incoming fluid pressure and the restraining pressure due to reinforcement compaction, the compaction characteristics of the reinforcement were measured for preforms of 1, 2 and 3 layers of CFRM. Specimens lOOx lOOmm were tested using a compression cage mounted on an Instron Universal Testing Machine. The maximum pressure applied to each layer was 20 bar and the tests conducted at 20°C and 60°C. Measurement of the distance between the two plates of the compression cage was carried out before and after each test. Compaction was performed at 2mm/min cross head speed, the force and displacement data being recorded using a PC based data acquisition system. The compaction relationship was then approximated using a logarithmic equation:
The values of constants Band n for each of the tests are given in Table 1 . 
Experimental Description
In order to isolate the effects of different process parameters a simple aluminium mould providing a cavity 25x25x150mm was designed. To prevent any kind of core compression, the cores were manufactured from kiln-dried mahogany to nominal dimensions 20x20x 140mm, which were effectively incompressible as compared to the foam core, at the cavity pressures under consideration. Continuous filament random mat (Vetrotex Unifilo U750-450) was pre-compacted at 60 "C, before cutting to shape and assembling around the core, providing a nominal skin thickness of 2.5mm.
The resin system used was CV 6345.001 polyster from Cray Valley, with 2 % Akzo Perkadox 16 catalyst. The resin was injected at pressures in the range of 1-3 bar and at 20°C followed by transfer to a hot air oven for curing at 60°C. Following demoulding the mouldings were sectioned and the skin dimensions determined using a vernier calliper.
Results and Discussion Figure 3 shows the variation in skin thickness ratio T1ff2 (where Tl is the vent side and T2 is the injection side thickness) with nominal injection pressure for injection at ambient temperature. The graph also includes an estimate based upon a force balance between the preform compaction (as determined above) and an assumed hydrostatic pressure acting over the injection face of the core. Both the estimates and the experimental data exhibit the expected effects of increased core shifting with higher injection pressures. The effect is noticeably reduced as the number of layers of mat in the skin is increased which, for the fixed mould cavity and incompressible core, results in an increased fibre volume fraction and preform compaction pressure. Although the slopes of the experimental and estimated curves are similar it is apparent that the magnitude of the core shift is over-estimated. This was attributed to the initial assumption of the hydrostatic pressure on the injection face, while in practice it is clear that the pressure distribution during filling will decay in an approximately linear manner between gate and vent for one-dimensional flow.
The results of further tests carried out at a mould temperature of 60°C are shown in Figure  4 . This shows similar effects to those identified above although comparison with the results from ambient temperature tests shows an apparent reduction in core movement at the higher temperature. This is contrary to the evidence from Table 1 which demonstrates increased preform compliance at elevated temperature due to softening of the mat binder. This is because at higher temperature the reinforcement lofts to provide a higher initial compaction pressure, as shown in the results obtained in Figure 5 .
To measure the time-dependence of the core movement inside the mould low voltage displacement transducers were fitted to the vent side. The transducers were first calibrated and interfaced to a PC which recorded the relative displacement of the core during the injection cycle. The measured skin thickness ratio is plotted against time in Figure 6 . The results show the rapid movement of the core on first entry of the resin followed by a partial recovery as the flow front reaches the vent face and the core takes up an equilibrium position.
Conclusion
The results demonstrate clearly that the movement of the core during liquid composite moulding is influenced by the pressure of the incoming resin and the compaction pressure provided by the fibre preform. Since this latter effect is temperature dependent it follows that the mould and resin temperature will also be important factors. Although the measured core shift for a simple part is less than that estimated by a simple model the study has provided the basis for further development. Further study is required to isolate the effects of core modulus, mould geometry, reinforcement type and process control strategy on the magnitude of this effect and the quality of resulting parts. Length (mm) figure 2 Volume fraction distribution for the injection and vent faces ofa prototype automotive spoiler.
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